The VegT/Antipodean (Apod) gene is important for germ layer formation in Xenopus. To investigate the role of this gene at the protein level, as opposed to the RNA level, we have generated af®nity puri®ed polyclonal antibodies to Apod, and for comparison, to the other early T-box proteins Xbrachyury and Eomesodermin. An anti-VegT/Apod antibody reveals that there are two protein isoforms in Xenopus, one that we refer to as VegT and a smaller molecular weight isoform that we refer to as Apod. These isoforms have different N-terminal domains resulting from developmentally regulated alternative splicing of a primary transcript arising from a single VegT/Apod gene. VegT is maternally expressed. Its translation is blocked during oogenesis but the protein is present from the egg until gastrulation in the presumptive endoderm. There is no evidence for zygotic expression of this isoform. Conversely, the Apod protein isoform is expressed only after the onset of zygotic transcription in the presumptive mesoderm and is inducible by activin. We conclude that the developmental role of VegT/Apod is mediated by two different proteins, with entirely different patterns of expression and response to growth factors. q
Introduction
The T-box genes encode a family of putative transcription factors that contain a highly conserved sequence motif known as the T-box (see reviews by Smith, 1997; Papaioannou and Silver, 1998) . They are expressed during early embryonic development in many species and are believed to be critically involved with early cell fate decisions. The ®rst member of this gene family to be identi®ed was the mouse T gene, otherwise known as brachyury, and homozygous null mutants were shown to have absent or abnormal posterior somites, a thickened primitive streak, and to lack notochord (see references in Smith, 1997) . Since then, other members of this family have been shown to be involved with the differentiation of posterior paraxial mesoderm in the mouse (Chapman and Papaioannou, 1998) , and in zebra®sh, T-box family members have been implicated in the development of the trunk and tail (Hug et al., 1997; Grif®n et al., 1998) . T-box genes are also known to be involved slightly later during embryogenesis with the speci®cation of limb identity in the mouse, chick and urodeles (Simon et al., 1997; Gibson-Brown et al., 1998; Logan et al., 1998) . Their importance in humans is demonstrated by the fact that two familial human diseases, Holt±Oram syndrome and ulnarmammary syndrome, involve mutations in the human T-box genes Tbx5 (Basson et al., 1997; Li et al., 1997) and Tbx3 (Bamshad et al., 1997) , respectively.
In Xenopus, the T-box gene family consists of the well characterised, mesoderm speci®c, Xbrachyury (Xbra) (Smith et al., 1991) , Eomesodermin (Eomes) (Ryan et al., 1996) and a gene isolated independently by four groups and given the names VegT (Zhang and King, 1996) ; Antipodean (Apod) (Stennard et al., 1996) ; Xombi (Lustig et al., 1996) ; and Brat (Horb and Thomsen, 1997) . We will refer to this gene here as VegT/Apod. All members of the Xenopus T-box gene family are implicated in mesoderm formation because their zygotic mRNA is expressed in the presumptive mesoderm of early gastrula embryos, they are able to ectopically induce mesodermal genes in animal cap assays (Smith et al., 1991; Ryan et al., 1996; Zhang and King, 1996; Lustig et al., 1996; Stennard et al., 1996; Horb and Thomsen, 1997) and engrailed repressor fusions which repress their transcriptional targets have been shown to perturb mesoderm formation (Conlon et al., 1996; Ryan et al., 1996; Horb and Thomsen, 1997) . The T-box gene in which we are particularly interested, VegT/Apod, can also ectopically induce endodermal markers (Horb and Thomsen, 1997) indicating that in addition to mesoderm formation it may also be involved with speci®cation of the endodermal germ layer.
The VegT/Apod gene is unique in the Xenopus T-box family because in contrast to Xbra and Eomes it also has a high level of maternal mRNA, and this is strikingly localised to the vegetal pole of oocytes (Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997) . That maternal expression of VegT/Apod is of exceptional importance for development was demonstrated by experiments that depleted the maternal store of this mRNA by injection of antisense oligonucleotides. The resulting phenotype showed a total lack of endoderm formation, and the vegetal pole of the embryo instead gave rise to mesoderm and ectodermal derivatives (Zhang et al., 1998) . Furthermore, the classical mesoderm inducing properties of the vegetal mass were lost since it could no longer induce mesoderm in overlying ectodermal explants (Zhang et al., 1998) . Therefore, the presence and the location of the maternal protein seems crucial for the patterning of the major germ layers of the amphibian embryo.
In view of this, to fully understand the role of the VegT/ Apod gene we need to characterise its protein product. We particularly need to know when the protein is translated from the maternal store of mRNA, and where the maternal and zygotic proteins are expressed in the embryo with respect to the presumptive endoderm and mesoderm germ layers. Indeed, although the maternal mRNA is localised to the vegetal pole of the oocyte, the protein could diffuse away, following translation, to other parts of the cytoplasm before cell wall formation, as happens for bicoid in Drosophila (Driever and Nusslein-Volhard, 1988) .
We have generated polyclonal antibodies to the Xenopus T-box proteins, and in particular, investigated the protein encoded by the VegT/Apod gene. We have shown that its translation is blocked in the oocyte, but protein starts to accumulate in the unfertilised egg. Intriguingly we ®nd that the VegT/Apod gene in fact encodes two different proteins isoforms, called VegT and Apod, that differ at the N-terminus. These protein isoforms are encoded by different mRNAs that arise from alternative mRNA splicing of a primary transcript arising from a single VegT/Apod gene. They have different temporal and spatial expression patterns such that one isoform is present maternally in the presumptive endoderm and the other is present zygotically in the presumptive mesoderm. The differential expression of VegT and Apod protein isoforms might therefore be important for the correct speci®cation of germ layers in the Xenopus embryo.
Results

Generation of polyclonal antibodies to Xenopus T-box proteins
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of in vitro translated synthetic Apod (Stennard et al., 1996) , Eomes (Ryan et al., 1996) and Xbra mRNA (Smith et al., 1991) , in the presence of 35 S-methionine, demonstrates that these proteins have approximate sizes of: 60, 80 and 50 kDa, respectively (Fig. 1A) . The approximate molecular weights predicted by a conceptual translation of the nucleotide sequence are 50, 79 and 48 kDa, respectively; thus Apod runs at a higher than expected molecular weight.
We produced af®nity puri®ed polyclonal antibodies to each of these Xenopus T-box proteins. To demonstrate the effectiveness and speci®city of these antibodies within the T-box family we took advantage of the ability of the Xenopus oocyte to translate large amounts of exogenous mRNA. Synthetic mRNA encoding all three different T-box proteins was injected into the same oocytes and protein extracts were prepared approximately 16 h later and subjected to western blotting analysis with the different preimmune sera (PI) or with af®nity puri®ed antibodies from immune sera (I). As shown in Fig. 1B , none of the antibodies detects a protein in uninjected oocytes (lane 1). The anti-Apod antibody recognises a single band corresponding to the molecular weight of Apod (lane 3) and does not detect proteins of the size expected for Eomes or Xbra. The anti-Eomes antibody recognises a single band corresponding to the Eomes protein (lane 5) and similarly, the anti-Xbra antibody recognises a single band corresponding to the expected size of Xbra protein (lane 7). These antibodies do not recognise any other protein in the oocyte extracts. Preimmune serum for Apod, Eomes and Xbra antibodies does not recognise any proteins in these extracts (lanes 2, 4 and 6, respectively). Thus, these antibodies recognise the antigen against which they were raised and do not cross react with their closest relatives, namely, the other members of the T-box gene family.
Temporal expression of T-box proteins throughout embryogenesis and oogenesis
To examine the temporal expression of endogenous Tbox proteins in embryos, we subjected embryo protein extracts to western blotting analysis with the af®nity puri®ed antibodies. We were unable to ef®ciently detect endogenous levels of protein by this approach; therefore the polyclonal antibodies or preimmune sera were used to ®rst immunoprecipitate the target protein from a large number of Xenopus embryos and thus enrich the sample for the protein of interest prior to western blotting.
The resulting pro®le of T-box protein expression throughout embryonic development is shown in Fig. 2A . Proteins recognised by the anti-Apod antibodies are present in the unfertilised egg, accumulate throughout early cleavage and blastula stages and peak in the early gastrula before declining towards the end of gastrulation such that by our proce- Fig. 2 . Temporal expression of Xenopus T-box proteins throughout embryogenesis and oogenesis. (A) Protein extracts from 40 Xenopus embryos of the indicated stages (E egg) were prepared and each divided into three aliquots. These were immunoprecipitated with antibodies to the T-box genes and then subjected to western analysis with anti-Apod, -Eomes or -Xbra af®nity puri®ed antibodies. Western blotting with preimmune serum did not detect any protein.
(B) Protein extracts from collagenase treated stage VI oocytes, ovulated eggs and stage 6 embryos were immunoprecipitated with the anti-Apod antibody or corresponding preimmune serum then subjected to western analysis with anti-Apod antibodies. Refer to text and Fig. 3 for the explanation of bands 1, 2 and 3. dure we are unable to detect these proteins after stage 18. Neither Eomes not Xbra have any observable levels of maternally encoded protein. Eomes protein can be ®rst seen in the late blastula embryo at stage 9, declining after stage 13 to a level that is just detectable in our assay by the tailbud stage. Xbra protein is ®rst starting to accumulate later at stage 10 and persists at high levels into much later developmental stages than Apod or Eomes such that we are still able to detect expression of Xbra in tailbud stage 26 embryos. A similar approach to surveying levels of VegT/ Apod during oogenesis (see Fig. 2B ) revealed that VegT/ Apod protein is not present in the stage VI oocyte and is observed only after maturation, in the unfertilised egg. This is consistent with the anti-Apod antibody not detecting any maternal protein in oocyte extracts (Fig. 1B) .
There are therefore two striking results that have emerged from this survey of the protein encoded by the VegT/Apod gene. Firstly, translation of the protein is carefully regulated such that, despite the accumulation of a large store of maternal mRNA in the oocyte (Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997) there is no expression of the protein until ovulation. The second is that the anti-Apod antibody in fact recognises three bands on a western blot and these proteins are expressed in different temporal sequences throughout development. A larger molecular weight protein of approximately 62 kDa, indicated as band 1 in Fig. 2A , is detected in the unfertilised egg through to the onset of gastrulation (stage 10), after which stage it disappears. At stage 10, a slightly lower molecular weight form of 60 kDa, indicated as band 2 in Fig. 2A , commences its expression and is observed until stage 18. A band running at a molecular weight of approximately 58 kDa, indicated as band 3 in Fig. 2A , is found at all embryonic stages and is believed to be a stable intermediate breakdown product of both band 1 and 2 proteins (see explanation below), thus we conclude that there are two full length proteins recognised by the antibody that show differential temporal expression.
2.3. Two developmentally regulated isoforms of the VegT/ Apod protein are generated by alternative mRNA splicing One possibility to explain the existence of two proteins is that they may be encoded by two different mRNAs. Indeed, slightly different mRNA nucleotide sequences were reported for VegT and Brat (Zhang and King, 1996; Horb and Thomsen, 1997) relative to Xombi (Lustig et al., 1996) and Apod (Stennard et al., 1996) . Brat and VegT have identical nucleotide sequences that predict a molecular weight for the protein of 52 kDa. The conceptual translation of Xombi shows conserved amino acid residue changes relative to VegT and Brat, but a similar predicted molecular weight. The nucleotide sequence of Apod is identical to VegT and Brat, except that the sequence diverges at the extreme N-terminal domain of the protein coding sequence such that VegT and Apod have 25 and ®ve unique amino acid residues, respectively at the extreme N-terminal end of the protein. The Apod protein is therefore predicted to be smaller in size by 20 amino acid residues, or approximately 2 kDa.
We tested if this difference in N-terminal sequence could account for the different sizes of proteins that we detect in embryos with our antibody raised against Apod. Apod or VegT synthetic mRNA was injected into oocytes followed by western blotting of the resulting protein extracts with the anti-Apod antibody. As shown in Fig. 3 , the resulting Apod and VegT proteins are both recognised by antibodies raised against Apod and these run at different weights on a polyacrylamide gel. VegT (lane 1, band 1) runs at a slightly higher molecular weight of 62 kDa compared to that of Apod which runs at 60 kDa (lane 2, band 2), and this is consistent with a difference in size of approximately 2 kDa. A comparison with endogenous protein immunopreci- Fig. 3 . Antibodies reveal two different protein isoforms expressed endogenously in the embryo, VegT and Apod. Protein extracts were prepared from 80 stage 6 or stage 10.5 embryos; half were immunoprecipitated with either an anti-Apod antibody (lanes 3 and 4) or preimmune sera (lanes 5 and 6). The resultant protein was western blotted with extracts prepared from oocytes injected with VegT mRNA (lane 1) or Apod mRNA (lane 2). The anti-Apod antibody detects a 62 kDa protein in stage 6 embryos that is the same size as that translated in oocytes injected with synthetic VegT mRNA (band 1). It also detects a 60 kDa protein in stage 10.5 embryos that is the same size as those translated in oocytes injected with synthetic Apod mRNA (band 2). To simplify future discussion here we refer to the maternal 62 kDa protein in band 1 as VegT and the zygotic 60 kDa protein in band 2 as Apod. The protein indicated as band 3 (approximately 58 kDa) is believed to be either a stable intermediate breakdown product or a protein resulting from an internal start site of translation.
pitated from stage 6 (lane 3) or stage 10.5 embryos (lane 4) shows that the oocyte translated proteins are the same size as those recognised by the antibodies in embryos at different developmental stages. In stage 6 embryos, the anti-Apod antibody detects proteins that correspond in size to those encoded by VegT mRNA (lane 3, band1). In contrast, the anti-Apod antibody detects a protein in stage 10.5 embryos (lane 4, band 2) that corresponds in size to the full length protein encoded by Apod mRNA (lane 2, band 2). To simplify future discussion we propose that the maternally encoded protein (band 1) be referred to as VegT and the zygotically encoded form as Apod (band 2).
As mentioned previously, we believe that the lower band 3 is a stable intermediate degradation product of VegT and Apod proteins. Fig. 3 shows that VegT mRNA injected oocytes (lane 1) have a band 3 of approximately 58 kDa. Occasionally this sized band can be detected in Apod mRNA injected oocytes (lane 2) but to a much lesser extent (data not shown). Therefore band 3 is observed from the translation of both VegT and Apod, arguing that it is unlikely to result from an additional spliced form that we have not detected. We are unable, however, to eliminate the possibility that band 3 may result from an internal translation start site as there are indeed additional methionines in the N-terminal region common to VegT and Apod isoforms. Treatment of extracts with a phosphorylase showed no evidence that any of the bands in Fig. 3 might represent a phosphorylated form of the protein (data not shown). Extracts from stage 6 and stage 10.5 embryos immunoprecipitated with pre-immune serum did not show any bands in the same analysis (Fig. 3, lanes 5 and 6) .
These results demonstrate different expression of VegT and Apod proteins before and after the onset of zygotic transcription, and suggest that differential expression of Apod and VegT mRNAs might be involved. To investigate this possibility we designed speci®c primers for reverse transcription-polymerase chain reaction (RT-PCR) that could discriminate between mRNA encoding Apod and that encoding VegT. H UTR. The position of speci®c primers for VegT (1 and 3) and Apod (2 and 3) are indicated with arrows. (B) Embryos of the indicated stages and unfertilised eggs (E) were analysed by RT-PCR using Apod and VegT speci®c primers, and using a number of cycles to keep ampli®cation within the linear range. Maternal VegT mRNA is present in the egg and is detected until stage 11. Apod mRNA transcripts start to accumulate at stage 10 after the onset of zygotic transcription.
analysis of embryos at different stages shows that the VegT mRNA is expressed maternally and transcripts are detectable until stage 11 (Fig. 4B) . Apod mRNA is only expressed after the onset of zygotic transcription and starts to accumulate at the onset of gastrulation at stage 10. Transcripts are clearly detectable until the end of gastrulation at stage 13. Thus differential expression of VegT and Apod mRNAs re¯ects the differential expression of the protein isoforms.
It is possible that these two mRNAs arise from two different genes that are closely related in all but their extreme 5 H end, one being expressed maternally and the other zygotically. However, in view of the identical nucleotide sequences of VegT and Apod that includes the 3 H UTR, and preliminary analysis of a partial genomic clone showing an exon/intron boundary at the point where these sequences diverge (data not shown), we believe a more likely possibility is that alternative splicing at the 5 H end of a single gene's primary mRNA transcript may be responsible for generating the two different forms of the protein. This raises the interesting possibility that developmentally regulated alternative splicing of mRNA is an integral part of controlling the expression of these proteins.
Intracellular localisation of T-box proteins in Xenopus embryos
While the regional expression of T-box genes' RNA has been well documented in embryos, protein expression patterns have not been reported. In particular we wanted to know whether the VegT protein was present in nuclei at the mid blastula transition and thus able to direct the earliest stages of zygotic transcription, and if so, in which presumptive germ layers.
We ®rstly examined the speci®city of our antibodies by subjecting embedded and sectioned gastrula embryos to immunostaining with the af®nity puri®ed antibodies or preimmune sera (Fig. 5) . Anti-Apod and anti-Eomes antibodies both stain nuclei, but produce a different regional pattern of immunostaining in the early gastrula, stage 10.25 embryos (Fig. 5A ,B, respectively). Antibodies raised against Apod stain nuclei throughout the presumptive endo- derm and mesoderm (Fig. 5A) . Of particular note is that expression in the presumptive endoderm is later in development than is suggested by previous in situ hybridisation studies describing the expression of the mRNA (Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997) and thus both strongly implicates this protein in the formation of this germ layer, as well as highlighting how characterisation of a protein can provide critical information that cannot necessarily be deduced from the distribution of its mRNA. The anti-Eomes antibody (Fig.  5B) stains nuclei of mesodermal and some endodermal cells at the mesoderm/endoderm boundary (Fig. 5B and A . Zorn, unpublished observations) but not those of the deep central endoderm. The number of Eomes expressing cells is much greater on the dorsal side than on the ventral side. The respective preimmune serum for these antibodies did not produce any staining (see Fig. 5C for a representative example), nor did antibodies preadsorbed with the puri®ed, bacterially expressed antigens against which they were raised (data not shown). The anti-Xbra antibody does not detect any protein in these early stage 10.25 gastrula embryos and it is not until stage 11 that immunostaining is clearly observed in nuclei of the presumptive mesoderm (Fig.  5D ). In addition to describing the pattern of expression of the T-box genes in the early gastrula, the distinct patterns of nuclear immunostaining obtained with the different antibodies provides further evidence that they behave speci®cally in immunohistochemical analyses and again demonstrate the speci®city and thus usefulness of these antibodies for future work in Xenopus embryos.
After establishing this speci®city, we went on to examine the immunolocalisation of the VegT and Apod proteins in more detail and at different developmental stages, with the ultimate aim of determining where the protein encoded by the VegT/Apod gene was expressed with respect to the presumptive germ layers of the embryo. We performed immunostaining on cleavage and early blastula stage embryos when, from western analysis, we know that VegT is the isoform expressed. As shown in Fig. 5E , immunostaining of sectioned stage 6 Xenopus embryos shows labelling of VegT in nuclei of the vegetal hemisphere (arrow) and not in nuclei of the animal hemisphere (arrowhead). The position of nuclei was determined by Hoechst staining (Fig. 5F ). In the blastula stage embryos (Fig. 5G ,H stages 8 and 9, respectively), immunostaining is observed in nuclei of the vegetal hemisphere, corresponding to those of the presumptive endoderm. Immunostaining is of approximately equal intensity in nuclei at the extreme vegetal pole and in those near the¯oor of the blastocoel. This suggests that there is not a vegetal to animal gradient of VegT protein, a pattern of distribution that might have been predicted from the localisation of the maternal mRNA.
After the onset of gastrulation, immunostaining persists in the endoderm, but there is also expression in the presumptive mesoderm. In the early gastrula (stage 10.25), not all nuclei are immunopositive within a given region. Fig. 5J,L show that the absolute number of nuclei, as visualised by Hoechst staining (Fig. 5I,K) is greater than the number immunostained with the Apod antibody (Fig. 5I,K) . One likely explanation is that because the cells are rapidly dividing only a percentage of cells will have nuclei at a point in the cell cycle where DNA binding proteins are recruited to the nucleus.
Different isoforms are expressed in different germ layers
We next wanted to ask what particular isoform our antibody was detecting in our immunohistochemical analyses. We therefore performed western analysis of dissected embryos since this approach enabled us to differentiate between the two isoforms by their size on a blot and thus describe the difference between their spatial distributions. Twenty embryos at different stages were dissected into animal, equatorial and vegetal pieces at different stages of development. The different T-box proteins were immuno- Fig. 6 . VegT and Apod proteins are expressed in different presumptive germ layers. (A) Stage 6, 10 and 10.5 embryos were dissected into animal, equatorial (predominantly presumptive mesoderm) and vegetal pieces (predominantly presumptive endoderm). Protein extracts were immunoprecipitated with an anti-Apod antibody and then subjected to western analysis to determine the expression of both VegT and Apod protein isoforms. VegT is found in the vegetal portion of late cleavage stage embryos (stage 6) and early gastrulae (stage 10) and is not found in the animal pole. Apod protein is detected in both the equatorial and vegetal pieces at stage 10, but by stage 10.5 there is no expression in the presumptive endoderm. A band of IgG protein from the antibody used for immunoprecipitation is visible in this western blot because of the comparatively small amount of protein being analysed. (B) RT-PCR analysis was performed on dissected stage 10.25 embryos with primers designed to detect both VegT and Apod mRNAs and to produce slightly different length PCR products. Vegetal pieces (Vg) strongly express VegT mRNA and the endodermal marker Xsox17-b mRNA and only a small amount of Apod mRNA. In contrast, the equatorial piece (Eq) is enriched for Apod mRNA with only a small amount of VegT mRNA. There is negligible expression of either mRNA in the animal pole (An). precipitated from protein extracts to enrich for those of interest and then western blot analysis performed on the resulting protein. As shown in Fig. 6A , VegT protein is found in the vegetal portion of the embryo late cleavage stage embryos (stage 6) and is not found in the animal pole.
Similarly, dissection of embryos at different stages of gastrulation (stages 10 and 10.5) into the animal cap, equatorial region (predominantly presumptive mesoderm) and vegetal pieces (predominantly presumptive endoderm) shows negligible expression of VegT at any stage in the animal region (Fig. 6A) . VegT is restricted to the vegetal piece at stage 10. Apod is initially detected in both the equatorial and vegetal pieces at stage 10, but by stage 10.5 its expression is enhanced in equatorial, presumptive mesoderm cells and down regulated in the presumptive endoderm. Thus, these two isoforms are expressed predominantly in different germ layers, VegT in endoderm and Apod in mesoderm, and therefore are expressed in both a temporally and spatially different manner.
To determine whether the differential expression of the VegT/Apod isoforms in different germ layers arises from differential expression of VegT and Apod mRNAs, we performed RT-PCR with the primers designed to distinguish between the two mRNAs on similarly dissected animal, equatorial and vegetal pieces from stage 10.25 embryos. As shown in Fig. 6B , vegetal pieces strongly express VegT mRNA and the endodermal marker Xsox17-b mRNA (Hudson et al., 1997) and only a small amount of Apod mRNA. In contrast, equatorial pieces are enriched for Apod mRNA with only a small amount of VegT mRNA, a result which is consistent with there being a small amount of contaminating endodermal cells characterised by the low level of Xsox17-b expression in these explants.
These data suggest that the maternal VegT mRNA and protein is primarily restricted to the presumptive endoderm. After the onset of zygotic transcription, Apod mRNA and protein is expressed primarily in the presumptive mesoderm, but initially there is also a low level in the presumptive endoderm. The VegT isoform is not signi®cantly expressed at any stage in the presumptive mesoderm.
The Apod, but not VegT, isoform is inducible by growth factors
Formation of mesoderm and endoderm formation in Xenopus is very much in¯uenced by signalling molecules, including activin. We next asked whether VegT or Apod or both are inducible by treatment with such growth factors. Synthetic activin mRNA was injected into the animal pole of two cell stage embryos and animal cap explants were cut at stage 8.5. These were cultured until sibling embryos had reached stage 10.25 and were then analysed by RT-PCR for the expression of VegT and Apod mRNAs using primers that were speci®c for each isoform. Xbra was included in the analysis as a gene which is known to be responsive to activin, and EF1-a was used as a loading control. As shown in Fig. 7 , mRNAs encoding both the Apod and VegT isoforms are expressed in the whole embryo at this stage of development. However, in response to activin, the Apod isoform, but not the VegT isoform, is ectopically induced in animal caps. A similar analysis was also performed in parallel examining the effects of bFGF (Fig. 7, lane 6) . Whilst Xbra mRNA is induced by this treatment, neither Apod nor VegT mRNA levels are signi®cantly elevated in our assay. These data suggest that expression of the Apod, but not of the VegT, isoform is regulated by growth factors in vivo and introduces the possibility that the alternative splicing that generates the two protein isoforms is regulated in part by mesoderm inducing growth factors.
Within the embryo, cells are exposed to endogenous signalling molecules such as those that are believed to induce mesoderm. If embryos are dissociated and cultured in medium as dispersed cells, the effects of these signalling molecules are essentially removed since their effective concentration at the cell surface is so drastically reduced. We asked whether removal of intercellular signalling in this way would disturb the expression of Apod. Whole embryos were dissociated in Ca 21 and Mg 21 free MBS at stage 6 and cultured as dispersed cells until sibling embryos has reached stage 10.25. RNA was then subjected to semi-quantitative RT-PCR analysis for the expression of Apod and VegT mRNA. Levels of Xbra and gsc mRNA were included in the analysis because the response of this genes to this treatment has been examined by others and shown to be relatively sensitive and insensitive, respectively, to cell dissociation (Lemaire and Gurdon, 1994) .
As shown in Fig. 8 , dissociation of embryos into dispersed cells prevents the expression of Xbra and Apod mRNA. In contrast, the level of VegT mRNA is relatively unaffected by this treatment. In the same experiment, gsc, Fig. 7 . Apod, but not VegT, mRNA is inducible by activin. Embryos were injected in the animal pole at the two cell stage with activin (5 and 10 pg) or bFGF (1 ng) mRNA. Animal caps were cut when embryos were stage 8.5 and cultured until sibling embryos were at stage 10.25. RNA was extracted and analysed by RT-PCR for the expression of VegT, Apod and Xbra mRNA. An analysis of EF1-a mRNA levels was included as a loading control.
although slightly reduced by cell dissociation, is only marginally affected when its response is compared to that of Xbra. This suggests that like Xbra, Apod is dependent on intercellular signalling and/or cell contact for its expression in the embryo. Conversely, VegT is not, and this is consistent with the proposal that this isoform is maternally provided and not regulated by endogenous activin like signalling molecules.
Discussion
The role of T-box genes in mesoderm and endoderm formation has been the subject of intense recent investigation. However, until the data we present here, the expression of the actual functional unit within the cell, the protein, remained entirely uncharacterised. In particular, we have concentrated on the protein encoded by the VegT/Apod gene and have revealed intriguing differential expression of maternal and zygotic protein isoforms, VegT and Apod, respectively, under careful, developmentally regulated control.
Role of VegT/Apod in endoderm and mesoderm formation
VegT/Apod is strongly implicated in the speci®cation of endoderm and mesoderm (Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997; Zhang et al., 1998; Tada et al., 1998; Sun et al., 1999) , however, the respective contributions of the maternal and zygotic expression of the gene to these processes has been unclear. Our interpretation of the protein localisation revealed by our antibodies is that at the onset of zygotic transcription maternally encoded VegT protein is acting in the nucleus of cells in the presumptive endoderm. We see no evidence for the protein also being present in the presumptive mesoderm, rather it is the Apod isoform that is present in the presumptive mesoderm after the onset of zygotic transcription.
Given that VegT is likely to induce the transcription of a secreted molecule (Zhang and King, 1996; Zhang et al., 1998; Sun et al., 1999 and our own unpublished observations), our analysis of the protein is consistent with a model in which a maternal store of VegT is responsible for the release of a signalling molecule from the presumptive endoderm at the onset of zygotic transcription that induces mesoderm formation in overlying equatorial cells. The identity of this secreted factor is unknown. Candidates include the nodal related factors 1 and 2 which are expressed in the right time and place to be involved (Jones et al., 1995) and derrie Áre (Sun et al., 1999) . The latter, a novel secreted molecule of the TGF-b family, is particularly interesting in that it has been shown to be induced by expression of VegT, and can itself induce expression of zygotic VegT, or what we refer to here as Apod (Sun et al., 1999) . We have shown that the embryo's zygotic expression of the Apod isoform is blocked by cell dissociation and is thus critically dependent on a secreted factor for its activation. Interestingly, this lack of expression in dissociated embryos suggests that inheritance of VegT mRNA in a cell is not suf®cient for cell autonomous induction of Apod and the additional action of a secreted factor is essential.
Regulated differential expression of VegT and Apod
Our results have also provided some insights into the regulation of VegT/Apod protein expression by revealing that it is regulated at two posttranscriptional levels. The ®rst involves the control of translation during oocyte maturation, VegT protein being absent from oocytes but present in one-cell eggs. The non-translation of maternal VegT mRNA in oocytes is not due to any speci®c incapacity of oocytes, since synthetic VegT mRNA is ef®ciently translated after injection into oocytes. It seems likely that this translational control may be regulated by cytoplasmic polyadenylation since VegT mRNA has two U rich motifs in its 3 H UTR, upstream of the nuclear polyadenylation signal (N. Standart, personal communication), as do those mRNAs, such as c-mos and several cyclins, (Sheets et al., 1994) whose translation is controlled by such a mechanism (McGrew et al., 1989 ; see also review by Wickens et al., 1997) . As a result, VegT mRNA might be predicted to undergo poly(A) extension in meiotically maturing eggs and hence translational activation. In mice oocytes, a silencing factor has been shown to bind an element in the 3 H UTR of a gene that is silent until meiotic maturation and an analogous situation may also be relevant for control of VegT expression in Xenopus oocytes (Stutz et al., 1998) .
The other form of post-transcriptional regulation controlling the expression of VegT and Apod isoforms appears to Fig. 8 . Apod mRNA is not expressed in dissociated cells. Embryos were dissociated (diss WE) in Ca 21 and Mg 21 free MBS when at stage 6 and cultured as dispersed cells until sibling whole embryos (WE) were at stage 10.25. RNA was extracted and analysed by semi-quantitative RT-PCR for the expression of VegT and Apod mRNA. The level of Xbra and gsc mRNA was also determined for comparison. EF1±a was used as a loading control. involve alternative splicing of one primary VegT/Apod mRNA transcript. The VegT and Apod mRNAs that are produced maternally and zygotically, respectively, have identical nucleotide sequences in all but the region encoding the N-terminal domain splice variations. If they were in fact encoded by two different genes, a lesser degree of nucleotide conservation would be expected. Furthermore an intron/ exon boundary at the point the sequences diverge is consistent with an alternative splicing mechanism generating the different protein isoforms. There is also a possibility that there are two promoters for a single VegT/Apod gene; one that drives the strictly maternal expression of the protein that is not inducible by growth factors and another that drives the zygotic expression that is responsive to induction by growth factors. In this case, mRNA splicing would still be required to assemble the mRNA. Thus, at this time it is unclear if cell signalling regulates the differential expression of isoforms at the level of alternative splicing or if it also involves the use of different promoters. Future work examining the genomic clone will address these possibilities.
Interestingly, spadetail, the zebra®sh orthologue of VegT/ Apod that is required for non-notochordal trunk mesoderm formation, is expressed zygotically, but not maternally (Kimmel et al., 1989; Grif®n et al., 1998) . It is possible that, in Xenopus, alternative mRNA splicing creates two different proteins from a single gene that in zebra®sh is controlled by two different T-box genes, namely spadetail and an as yet undiscovered maternally expressed gene Kimelman and Grif®n, 1998) . Indeed, experiments in Xenopus show that zygotic expression of the mRNA is unable to rescue de®ciencies in endoderm that have been created by depleting the maternal content of the mRNA (Zhang et al., 1998) . This suggests that the maternal and zygotic forms of the protein might not have identical properties, and our demonstration of different maternal and zygotic isoforms would be consistent with such a possibility.
We have performed overexpression experiments by injection of VegT or Apod synthetic mRNAs and found that they produce a similar pattern of gene activation (data not shown). Thus, the difference in the proteins' N terminus does not affect the interaction of the protein with DNA promoters in these assays. However, the N-terminus may affect the way in which VegT and Apod interact with, not DNA, but other proteins, and in doing so in¯uence developmentally important pathways in vivo. This might include their ability to interact with each other and other T-box proteins since the T-domain of the mouse brachyury gene has been shown to form a DNA dependent homodimer (Muller and Herrmann, 1997) . It is presently unknown whether these T-box proteins can form heterodimers, but this is an important direction for future work. Investigation of this and other possibilities will rely on further biochemical analysis and thus the antibodies described here will be useful tools to further the understanding of these important proteins during early development.
Experimental procedures
Antibody production and af®nity puri®cation
His tagged fusions of the C-terminal domain of Apod (amino acid residues 213±435), the N terminal domain of Apod (amino acid residues 1±220), the N-terminal domain of Eomes (amino acid residues 1±214), and the full length of Xbra (kind gift from J. Smith) were produced by cloning these regions into pET30a or pQE vectors (Qiagen). Recombinant proteins were expressed in E. coli bacteria and puri®ed under denaturing conditions with Nickel resin using the QIAexpress system (Qiagen). Rabbits were immunised with 50±100 mg of puri®ed, denatured protein in a polyacrylamide gel slurry with an equal volume of complete (®rst injection) or incomplete (all subsequent injections) Freund's adjuvant (Sigma, St. Louis, MO). Polyclonal antibodies were af®nity puri®ed from serum using puri®ed, bacterially expressed His tagged protein immobilised on SulfoLink Coupling Gel (Pierce).
Xenopus oocytes eggs and embryos
Eggs were in vitro fertilised then dejellied and reared in 0.1 £ modi®ed Barth saline. Embryos were staged according to Nieuwkoop and Faber (1967) . Synthetic capped Apod and VegT mRNA was prepared from pApodR/RN3 (Stennard et al., 1996) and pCS2-Brat (Horb and Thomsen) (kind gift from G. Thomsen), respectively as described in Lemaire et al. (1995) . Stage VI oocytes were manually defolliculated, injected with 50 ng of synthetic mRNA and cultured for approximately 16 h in 1 £ MBS, 0.1% BSA after which protein extracts were prepared.
Immunoprecipitation and western blot analysis
Yolk free extracts were prepared by homogenising in immunoprecipitation buffer (50 mM Tris 7.6; 150 mM NaCl; 5 mM MgCl 2 ; 1 mM EDTA; 0.25% nonidet P40) containing protease inhibitors (Complete tablets, Boehringer Mannheim) then spinning at 7000 rpm for 10 min. A sample of the yolk free aqueous layer was resolved by SDS-PAGE or alternatively, for immunoprecipitations, antibody (diluted 1:1000) and protein A sepharose (Sigma) was added to the extract, rotated for at least 2 h at 48C then washed in immunoprecipitation buffer prior to boiling for 5 min in SDS sample buffer. Samples were subjected to standard western blotting procedures using primary antibody (diluted 1:1000), 48C overnight and protein A/G conjugated to horse radish peroxidase (Pierce), 1 h, RT. Immunolabelled bands were visualised on autoradiographic ®lm by chemiluminescence (ECL, Amersham).
Immunohistochemistry
Embryos were ®xed for 2±3 h at room temperature in MEMFA then transferred to ethanol at 2208C. Embryos
